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Abstract
Studtite is known to exist at the back-end of the nuclear fuel cycle as an intermediate phase formed in the reprocessing of 
spent nuclear fuel. In the thermal decomposition of studtite, an amorphous phase is obtained at calcination temperatures 
between 200 and 500 °C. This amorphous compound, referred to elsewhere in the literature as  U2O7, has been characterised 
by analytical spectroscopic methods. The local structure of the amorphous compound has been found to contain uranyl 
bonding by X-ray absorption near edge (XANES), Fourier transform infrared and Raman spectroscopy. Changes in bond 
distances in the uranyl group are discussed with respect to studtite calcination temperature. The reaction of the amorphous 
compound with water to form metaschoepite is also discussed and compared with the structure of schoepite and metasch-
oepite by X-ray diffraction. A novel schematic reaction mechanism for the thermal decomposition of studtite is proposed.
Keywords Studtite · Thermal decomposition · Spectroscopy · Uranium oxide
Introduction
In the reprocessing of spent nuclear fuel (SNF), ura-
nium can be dissolved as uranyl nitrate hexahydrate 
 (UO2(NO3)2·6H2O, UNH), and precipitated with hydro-
gen peroxide  (H2O2) to form uranyl peroxide tetrahydrate, 
also known by the mineral name, studtite ([(UO2)(O2)
(H2O)2]·2H2O) (Fig. 1). It has previously been shown that 
studtite dehydrates into uranyl peroxide dihydrate (metas-
tudtite; [(UO2)(O2)(H2O)2]·2H2O) when heated to 100 °C 
[1–4]. By 200 °C, metastudtite decomposes into an amor-
phous phase before it is calcined further to α-UO3 (Fig. 1, 
right) and α-U3O8 at temperatures above 500 °C [1–5].
X-ray diffraction (XRD) analysis has previously 
revealed that studtite consists of chains of edge-sharing 
hexagonal bipyramids containing two peroxide groups 
(O–O; Fig. 1, left) [6]. Both O atoms in the two perox-
ide groups are bonded to the central uranium atom with 
the remaining two vertices in the bipyramid occupied 
by water molecules. A further two water molecules are 
located between the chains; it is the loss of these water 
molecules that results in the formation of metastudtite. 
[1–4] In addition to its occurrence in spent fuel repro-
cessing, both studtite and metastudtite are formed in nat-
ural uranium deposits and during nuclear waste storage 
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through the build-up of hydrogen peroxide produced by 
α-radiolysis of water [7]. XRD analysis of α-UO3 reveals 
that this species is formed of hexagonal sheets bonded 
together by axial O-atoms (Fig. 1, right) [8, 9].
The thermal decomposition of studtite has been character-
ised by the use of spectroscopic techniques including XRD, 
Fourier transform infrared (FTIR) and Raman spectros-
copy [1, 2]; however, the amorphous phase has only briefly 
been alluded to in the literature [2]. In addition to methods 
employed previously, this study makes use of X-ray absorp-
tion near edge spectroscopy (XANES), Raman and fluores-
cence spectroscopy, to build on current understanding of the 
local structure and bonding in the amorphous compound. 
Some recent studies have addressed the characterisation of 
this material, reporting it either to be stoichiometric  U2O7 or 
an amorphous  UO3 hydrate. Both computational and exper-
imental efforts have aided in elucidating the short-range 
structure, although there has been little agreement on either 
its structure or stoichiometry [2, 10, 11]. It has been dem-
onstrated by density functional theory (DFT) and neutron 
scattering analysis that the compound may contain uranyl 
cation units  (UO2
2+) and peroxide groups (O–O), although 
further exploration of the amorphous structure is required. 
As the material is X-ray amorphous, the long-range structure 
of this material is difficult to determine, and is highly likely 
to be disordered.
The mechanism by which studtite decomposes to form 
the amorphous phase has not yet been reported. Given its 
existence as an intermediate in the thermal decomposition 
of studtite, it is important that the compound is well charac-
terised in order to understand the mechanism for transforma-
tion of studtite to α-UO3. This paper aims to characterise the 
amorphous phase spectroscopically, within the wider context 




Studtite was precipitated by reaction of uranyl nitrate 
hexahydrate (BDH Chemicals, 0.5  M) with hydrogen 
peroxide (Sigma Aldrich® reagent grade, 30 w/w%). 
The precipitate was filtered under reduced pressure and 
allowed to dry in air for 48 h, before being heated to 100, 
150, 250, 350, 450, 500, 550, 650 and 1050 °C in a nitro-
gen atmosphere at a rate of 10 °C min−1. A Netszch TG 
449 F3 Jupiter simultaneous thermal analyser was used 
for accuracy of heating temperature (± 0.01 °C). Studtite 
and metastudtite were pale yellow in colour, previously 
assigned by objective colour analysis as Pantone™ P 8–9 
α-UO3Studte
Fig. 1  Schematic image of the crystal structures for studtite, ([(UO2)
(O2)(H2O)2]·2H2O), left) and α-uranium trioxide (α-UO3, right). Both 
are viewed along the b-axis, perpendicular to the c-axis. The elements 
U, O and H are shown in blue, red and white, respectively. [8, 9] 
Water O atoms are light blue
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C and P 19–9 C, respectively [12]. The amorphous phase 
samples (250–500 °C) were bright orange (250 °C P24-13 
U; 350 °C P17-16 U; 450 °C 7572 XGC; 500 °C P25-6 
C), while α-UO3 was brown (550 °C 18–0521 TCX). The 
sample phases were confirmed by XRD (Supplementary 
Information, Figure S1).
Those samples heated between 30 and 550 °C were 
characterised by FTIR, Raman and fluorescence spec-
troscopy at room temperature. XANES analysis was also 
performed on the 650 and 1050 °C samples to confirm the 
oxidation state of uranium. Roughly 50 mg amorphous 
powder was placed in a small plastic weighing boat and 
mixed with 5 mL deionised water and allowed to dry, pro-
ducing a yellow powder.
X‑Ray absorption near edge spectroscopy
X-ray absorption spectroscopy was carried out on beam-
line BL-27B at The Photon Factory (PF), High Energy 
Accelerator Research Organisation (KEK), Japan [13]. The 
PF operates at 2.5 GeV with a ring current of 300 mA 
and supplies X-rays in the energy range 4 – 20 keV into 
beamline BL-27B, via a bending magnet. The optics hutch 
contains a double crystal Si (111) monochromator and a 
bent plane  SiO2 mirror. Spectra were collected in transmis-
sion mode on finely ground powder specimens dispersed 
in polyethylene and pressed into pellets; the thickness of 
the samples was optimised to one absorption length. Slits 
were used to reduce the unfocussed beam size to 0.5 mm 
in the vertical and 6 mm in the horizontal. The X-ray 
intensity of the incident and transmitted beam was meas-
ured using gas-filled ionisation chambers. Spectra were 
recorded between 16,765 and 18,265 eV with energy steps 
of 4 eV (16,765 – 17,000), 0.5 eV (17,000 – 17,300), 1 eV 
(17,300 – 17,665), and 4 eV (17,665 – 18,265). An accu-
mulation time of 1 s  step−1 was used for all regions. For 
each sample, multiple spectra were acquired and averaged 
to improve the signal to noise. Absolute energy calibra-
tion of the monochromator was performed by measuring 
a Mo foil and aligning the edge position (measured at the 
first inflection point in the derivative of the absorption) to 
the expected value of 20,000 keV [14]. To ensure energy 
reproducibility (± 0.05 eV) between sets of scans, a spec-
trum was collected from yttrium oxide  (Y2O3) after each 
sample. The spectral data were analysed using the Dem-
eter analysis package; data normalisation was carried out 
using Athena, and fitting was performed in Artemis [15]. 
Artemis uses the FEFF code to perform ab initio multiple 
scattering calculations based on clusters of atoms gener-
ated from crystallographic information files (CIF).
Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) was per-
formed using a Perkin Elmer Frontier FTIR spectrometer 
with an attenuated total reflectance (ATR) crystal. Samples 
were prepared with potassium bromide (KBr) and pelleted 
into discs for spectroscopy. Spectral data were collected 
over a range of 600 to 3800 cm−1 and processed in Origin 
software (Origin(Pro) version 2017, OriginLab Corporation) 
[16].
Raman spectroscopy
For Raman and TRLFS characterisation, each sample was 
placed into a groove between two quartz slides. A Ren-
ishaw InVia Reflex Raman Microscope was used to collect 
Raman spectra from each sample with a diode 785 nm laser 
[17]. The microscope was calibrated using silicon to ensure 
peak position accuracy of ± 1 cm−1. Spectra were collected 
between 4000 to 50 cm−1 from a least three different loca-
tions to confirm sample homogeneity.
Fluorescence spectroscopy
Fluorescence spectra were obtained using the time-
resolved laser fluorescence spectroscopy (TRLFS) appara-
tus described elsewhere [18]. Fluorescence excitation and 
emission spectra were collected at room temperature using 
a xenon lamp between 280 to 490 nm and 450 to 650 nm, 
respectively. The excitation and emission bandwidths were 
both set to 1.5 nm with a spectral resolution of 0.1 nm and 
a dwell time of 2.0 s. The data were background corrected 
using the files supplied by the manufacturer (F980 version 
1.4.3., Edinburgh Instruments).
X‑ray diffraction
A Bruker D2 Phaser diffractometer was used to obtain 
X-Ray diffraction data with Ni filtered Cu Kα radiation and 
a position sensitive detector. Diffraction patterns were col-
lected between 10 < 2θ < 70°at 3°/min, and 0.02° step size. 
Diffraction patterns were analysed using Bruker’s DIF-
FRAC.EVA software and processed with Origin.
Results and discussion
Chemical composition and phase purity
All samples analysed in this study were confirmed by XRD 
analysis (Supplementary Information, Figure S1) [19]. 
Samples heated to 30 and 150 °C were indexed as studtite 
and metastudtite, respectively [8, 20]. Heating studtite to 
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temperatures between 250 and 500 °C gave rise to two broad 
peaks, indicating the presence of an amorphous phase. 
α-UO3 was formed by 550 °C [9]. Previous findings from 
thermogravimetric analysis (Supplementary Information, 
Figure S2) coupled with mass spectrometry (TGA-MS) 
allowed confirmation of phase transitions with respect to 
mass loss over a temperature range of 30 – 1050 °C in a  N2 
atmosphere [19, 21]. The evolution of gas was monitored 
by MS, which helped to confirm the phase transitions in 
combination with the findings by XRD. A full discussion 
of these results is published elsewhere, where the weight 
loss determined between metastudtite and the amorphous 
phase was 10.7% against an expected 11.7% [19]; this gave 
a formula of  U2O7.3.
XANES analysis
The U  L3 XANES spectra of studtite heat treated from room 
temperature to 1050 °C, are shown in Fig. 2. All spectra 
exhibited a prominent, broad absorption edge, referred to 
here as the ‘white line’ (Feature A, Fig. 2). For the studtite 
and metastudtite samples, these were situated at 17,177.2 eV 
and 17,177.3 eV, respectively and there was also a broad 
shoulder peak (Feature B, Fig. 2), which is a characteristic 
feature of uranyl compounds [22]. DFT simulations, using 
polarisation along the trans-dioxo plane, have previously 
shown that Feature B is attributable to multiple scattering 
contributions from the uranyl group ([O = U = O]2+) [23]. 
Multiple scattering contributions from this plane have also 
been shown to exhibit a peak at the white line. Likewise, 
polarisation along the equatorial plane demonstrated that the 
broad feature at 17,212.0 eV (Feature C, Fig. 2) is attribut-
able to multiple scattering from equatorial bonding (U-Oeq) 
contributions [24]. Feature B was present in the amorphous 
phase spectra (250 – 500 °C), which indicates that its molec-
ular structure likely also contains a uranyl group. The pres-
ence of uranyl bonding in the amorphous phase is in agree-
ment with previous findings [2, 25]. Interestingly, Feature 
B had shifted ~ 1 eV lower in energy from the metastudtite 
precursor, which suggests an increase in the length of the 
uranyl bond in the amorphous phase, according to the Natoli 
relation (Eq. 1) [26]
 
where ΔE is the difference between resonance energies 
from axial  Oax and equatorial  Oeq and the white line, R is the 
U–O bond length and k is a constant. The calculated bond 
lengths are tabulated in Table 1. Further, a direct relation-
ship exists between the intensity of Feature C and equatorial 
U-Oeq bond length, as shown in Table 1 [27]. In the spectra 
(1)ΔE × R2 = k
Fig. 2  XANES spectra (left) of studtite (30  °C) and heated studtite 
samples at the uranium  L3 edge. Feature A corresponds to the white 
line absorbance peak and feature B to the uranyl resonance shoulder 
peak. Feature C arrises from contributions of U-Oeq scattering. The 
spectra in the first derivative (right) were used to calculate values of 
the threshold energy (E0)
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at 250 – 500 °C, Feature C was lower in intensity than in 
the studtite/metastudtite precursor spectra, and situated at a 
higher energy of 17,275.0 eV, suggesting that the equatorial 
U-Oeq bonds are shorter in the amorphous phase structure. 
The discrepancy between estimated U-Oeq bond lengths 
from XANES and those calculated in EXAFS is likely due 
to the difficulty in determining the peak position of the broad 
Feature C. The α-UO3 sample (550 °C) exhibited a broader 
white line feature than its precursors, situated at a higher 
energy of 17,178.7 eV. The reason for this broadening has 
not been determined experimentally but has previously 
been attributed to the shortening of equatorial U-Oeq bonds 
[24]. As Feature C was still present at this temperature, it 
is evident that U-Oeq bonding was retained on heating, so 
the broadening of the white line might be explained by the 
change of some of these bond lengths from 2.40 to 2.02 Å in 
studtite and α-UO3, respectively [8, 9]. Shoulder peak B was 
not observed in the spectrum of α-UO3, implying the loss of 
uranyl bonding. This was expected, as α-UO3 is known to 
possess longer uranyl-like bond lengths of 2.08 Å rather than 
the 1.7–1.9 Å of a typical axial uranyl bond [28]. It is likely 
that the local structure of α-U3O8 (650 and 1050 °C) does 
not differ greatly from its precursor, as only Feature A broad-
ens, producing a similar absorption spectrum to α-UO3.
It has been reported that using only the white line to cal-
culate the threshold energy (E0), and subsequently, the oxi-
dation state, is problematic for actinyl oxo cation  (AnO2)
2+ 
compounds [24]. The white line does not reflect atomic char-
acter alone and is instead, the product of a combination of 
geometric and electronic effects. Therefore, the maximum 
of the first inflection in the normalised first derivative was 
used to calculate E0 values and, subsequently, the predicted 
oxidation state of the central U atom (Table 2). A general 
trend of gradually decreasing E0 energy from 17,171.5 to 
17,170.0 eV was found with increasing temperature, which 
implies a tendency to lower U oxidation state in α-U3O8. 
Considering the previously reported mixed U(VI/V) oxida-
tion state in α-U3O8, it was expected that a lower value of 
E0 would be obtained at higher calcination temperatures of 
studtite [29].
Fourier transform infrared spectroscopy
The infrared spectra of studtite (labelled 30 °C in Fig. 3) and 
metastudtite (150 °C) show a prominent band at 916 cm−1 
and a broader band at around 3500 cm−1. These features cor-
respond to the uranyl ion antisymmetric stretch, ν3(UO2)
2+, 
and the hydroxide stretch (between two water molecules), 
ν(OH)water, modes, respectively. In studtite, the ν(OH)water 
peak was accompanied by a second broader feature at 
3160 cm−1 but this second feature becomes weaker and 
shifts in position to around 3100 cm−1 during dehydration 
to metastudtite.
Decomposition of metastudtite into the amorphous 
phase results in the ν3(UO2)
2+ band shifting to ~ 938 cm−1 
with a second band becoming observable at ~ 842 cm−1. 
Splitting of the single band into two results from the sym-
metric and asymmetric vibrational modes of the uranyl 
bond, unseen in spectra at lower temperatures, suggesting 
that the uranyl ion is not linear in the amorphous phase. 
Table 1  Tabulated U-Oeq bond 
lengths from XANES analysis, 
including metastudtite (150 °C) 
into the amorphous phase 
(250 – 450 °C), compared to 
literature values obtained from 
EXAFS [25]
Heating temperature U–O Bond type Maximum of 








Metastudtite (150 °C) U-Oeq 17,211.9 2.45 2.34 ± 0.02
Am-phase (250 °C) U-Oeq 17,212.9 2.44 2.28 ± 0.02
Am-phase (350 °C) U-Oeq 17,212.9 2.44 2.32 ± 0.02
Am-phase (450 °C) U-Oeq 17,213.9 2.43 2.30 ± 0.04
Table 2  Tabulated values of 
the white line position (eV) 
from the normalised absorption 
spectra for studtite (30 °C). The 
threshold energy, E0 (eV), is 
also tabulated, and was obtained 
from the maximum of the first 
inflection point of the first 
derivative
Calcination temperature (°C) White line (eV) First derivative,  E0 
(eV)
Oxidation state
30 (Room temperature) 17,177.2 17,171.5 U(VI)
150 17,177.3 17,171.4 U(VI)
250 17,177.9 17,171.0 U(VI)
350 17,177.8 17,171.0 U(VI)
450 17,177.9 17,170.8 U(VI)
550 17,178.7 17,170.4 U(VI)
650 17,178.6 17,170.2 U(V/VI)
1050 17,179.0 17,170.0 U(V/VI)
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This further suggests the presence of the uranyl ion in 
the structure of the amorphous compound, consistent with 
results obtained by XANES. The features corresponding 
to v(O–H) were broader and any trace of the paired band 
at 3160 cm−1 is lost at these temperatures.
Further decomposition beyond the amorphous phase 
results in the transformation of α-UO3 [30]. The IR spec-
trum of the sample heated to 550 °C shows weak intensity 
features in the uranyl and water region. The crystal struc-
ture of α-UO3 does not contain uranyl bonding (Fig. 1, 
right) but has been known to mimic uranyl IR features due 
to uranium vacancies creating strong, uranyl-like absorp-
tions in the super-lattice [28, 31].
Most IR spectra contained additional bands (Fig. 3). 
The weak features positioned at 1386 cm−1 are attributed 
to  CO2, as previously reported [32]. It is plausible that 
 CO2 might have adsorbed onto the surface of the samples 
prior to measurement. The band at 1622 cm−1 is attributed 
to the water bending mode, d(H–O-H), which generally 
decreases in IR signal strength during thermal decomposi-
tion. However, observation of this mode in all our IR spec-
tra suggests that all the samples display some hygroscopic 
characteristics [2]. The relatively high background level 
present across the whole spectral range for studtite (30 °C, 
Fig. 3) could be an indication that the crystal structure was 
not thermally stabilised across the whole (bulk) sample.
Raman spectroscopy
The Raman spectra for each material explored in this study 
are shown in Fig. 4, over the spectral range 1000–50 cm−1, 
and clearly show significant changes in the spectrum ena-
bling all the thermal decomposition products of studtite to be 
differentiated from each other. The spectra collected at 30 °C 
(studtite), 100 °C and 150 °C (both metastudtite) display two 
sharp, intense peaks characteristic of the symmetric stretch 
of the peroxide anion, ν1(O–O), and uranyl ion, ν1(UO2)
2+. 
Within this dehydration region, the ν1(O–O) single peak 
remained at roughly the same position (865–869 cm−1) 
whereas the single ν1(UO2)
2+ peak at 820 ± 3 cm−1 (with 
the error taken as the variation in peak position) is gradu-
ally replaced by another at 832  cm1. This is in good agree-
ment with other Raman studies exploring the dehydration 
of studtite to metastudtite [2, 32]. The observed shift in 
the ν1(UO2)
2+ mode suggests that the studtite to metas-
tudtite transformation is accompanied by a slight reduc-
tion in the uranyl U = O bond length, dU=O, from 1.779 to 
1.773 ± 0.003 Å (using Eq. 2 as derived by Bartlett and 
Cooney (1989)), where error was calculated as the maxi-
mum and minimum bounds within a range of ± 3 cm−1 [33].
Fig. 3  FTIR spectra of studtite (30 °C) and heated studtite samples
Fig. 4  Raman spectra of studtite (30 °C) and heated studtite
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Other features observed in the studtite and metastudtite 
Raman spectra (30 to 150 °C in Fig. 4) were all relatively 
weak in intensity with peak positions around 360–350, 
300–290, 263, 236, 192–187, 154 and 65–59 cm−1. The ura-
nyl symmetric bending mode, ν2(UO2)
2+, would be expected 
in this region [2, 32].
Comparisons with other uranyl oxides, such as becquer-
elite (Ca(UO2)6O4(OH)6·8(H2O)), billietite (Ba(UO2)6O4(O
H)6·8(H2O)), curite  (Pb3+x(UO2)4O4+x(OH)3-x(H2O)2), sch-
oepite ((UO2)8O2(OH)12·12(H2O)) and vandendriesscheite 
 (Pb1.57(UO2)10O6(OH)11·11(H2O)) suggests the ν2(UO2)
2+ 
mode could also be attributed to the two bands observed 
in this study at ~ 263 and 236 cm−1 [34]. However, more 
exhaustive computational Raman modelling studies are 
required to confirm this assignment.
Decomposition of the sample from 150 to 250 °C sig-
nificantly changes the Raman spectra indicating the transi-
tion between metastudtite and the amorphous phase [35]. 
The ν1(O–O) peak disappears whereas the ν1(UO2)
2+ fea-
ture becomes significantly broader and shifts slightly to 
838 ± 3 cm−1. The disappearance of the ν1(O–O) peak indi-
cates the loss of the peroxo bond in the amorphous phase, 
whereas findings by DFT simulations, EXAFS and neutron 
diffraction have shown interatomic O–O distances of a per-
oxo bond [10, 11, 25]. This is not implausible, as Raman 
spectroscopy is sensitive to chemical bonding, whereas 
X-ray absorption and neutron diffraction give an indication 
of interatomic distance based on scattering events. On the 
other hand, the peroxo group may contribute to the broad 
peak at 838 cm−1 by shifting to lower wavenumbers. How-
ever, this seems unlikely, as the O–O distance has been 
shown by EXAFS to increase with temperature of anneal-
ing, whereas a shift to lower wavenumber would imply the 



















757 cm−1 appears, but it is not assigned. However, when this 
feature is hypothetically attributed as ν1(UO2)
2+ and applied 
to Eq. 2, the resultant  dU=O values of 1.85–1.87 Å corre-
spond well with the previous U-Oax(2) axial bond length 
(1.83–1.86 Å; Table 3) determined in EXAFS. This would 
suggest that the uranyl unit might consist of two axial U = O 
bond lengths, U-Oax(1) and U-Oax(2). Further dehydration 
up to 500 °C results in the ν1(U–O) mode shifting to higher 
wavenumbers and its peak intensity reducing. The new peak 
at 757 cm−1 remains at roughly the same position but, with 
increasing temperature, a second peak at around 700 cm−1 
grows in intensity.
The Raman spectra alter again between 500 and 550 °C 
(Fig.  5) revealing decomposition into α-UO3 [10]. The 
crystal structure of α-UO3 does not contain uranyl bonding 
(Fig. 1); however, the crystal sheets present in α-UO3 are 
known to mimic uranyl features due to uranium vacancies 
creating strong, uranyl-like absorptions in the superlattice 
[31]. The pseudo v1(UO2)
2+ mode, now ~ 850 cm−1, reduces 
to just above the apparatus detection limit. The broad double 
peak feature observed for the amorphous phase is replaced 
by a series of broad peaks with weak signal intensity centred 
at around 646, 575, 495, 393, 253 cm−1.
Fluorescence spectroscopy
Fluorescence excitation and emission spectra were col-
lected for the samples heated up to 550 °C (Fig. 5). With 
an excitation wavelength (λex) of 375.6 nm, three common 
features were observed in the emission spectra: a single peak 
at around 483 nm, a broad multiple peak 490 to 510 nm and 
an asymmetrically shaped peak centred around 555 nm. As 
the temperature increases, the signal of all three fluores-
cence emission features decreases at roughly the same rate. 
However, no differentiating features were observed between 
studtite, metastudtite, the amorphous phase or α-UO3.
Table 3  Axial uranyl bond lengths, U-Oax(1) and U-Oax(2), from XANES and Raman spectroscopy, compared to literature values obtained from 
EXAFS [25]
Heating temperature U = O Bond U = Oax bond length (Å; 
XANES)
U = Oax Raman shift 
 (cm−1)
U = Oax bond length 
(Å; Raman)
U = Oax bond 
length (Å; 
EXAFS)25
Metastudtite (150 °C) U-Oax(1) N/A 832 1.779 ± 0.003 1.77 ± 0.01
U-Oax(2) 1.82 N/A N/A 1.81 ± 0.01
Am-phase (250 °C) U-Oax(1) N/A 838 1.773 ± 0.003 1.80 ± 0.01
U-Oax(2) 1.84 760 1.854 ± 0.003 1.83 ± 0.01
Am-phase (350 °C) U-Oax(1) N/A 838 1.773 ± 0.003 1.80 ± 0.01
U-Oax(2) 1.85 760 1.854 ± 0.003 1.86 ± 0.01
Am-phase (450 °C) U-Oax(1) N/A 838 1.773 ± 0.003 1.80 ± 0.01
U-Oax(2) 1.86 750 1.865 ± 0.003 1.85 ± 0.02
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Fluorescence excitation spectra were collected with an 
emission wavelength (λem) corresponding to the highest band 
in the emission spectra (i.e. between 506.7 and 510.3 nm). 
Common fluorescence features were also observed in the 
excitation spectra (Fig. 5, left). These appear as single bands 
at around 375, 394, 415, 432 and 442 nm. The three low-
est temperature excitation spectra also display a band cen-
tred around 488 nm but this feature shifts outside the upper 
spectral boundary region. As with the emission features, the 
fluorescence strength of these common features decreases at 
roughly the same rate with increasing temperature.
Reaction of the amorphous phase with water
Reaction of the amorphous phase (where studtite was heated 
to 250 °C) with deionised water formed metaschoepite, 
([(UO2)4O(OH)6](H2O)5; Fig. 6), and was confirmed by 
XRD (Fig. 7) [36, 37]. During the reaction of the amorphous 
phase with water, a gas was released as observed by effer-
vescence. The metaschoepite crystal structure consists of 
uranyl pentagonal bipyramid sheets, intercalated with water 
molecules [6]. Metaschoepite has previously been formed by 
dissolution of lanthanum hydroxide (or oxide) in a solution 
of uranyl ions until precipitation at high pH, in addition to 
this method [10, 35, 38]. Schoepite, ((UO2)4O(OH)6(H2O)6), 
is also known to precipitate during the weathering of uranin-
ite and the oxidation-hydration of spent nuclear fuel. It then 
partially dehydrates into metaschoepite through the loss of 
water molecules from the interlayers, which can happen at 
room temperature in air [37–46]. By further understanding 
the reactivity of the amorphous phase, a more complete 
knowledge base of synthetic routes and their products can 
be built. 
The hydration product of the amorphous phase was 
indexed as metaschoepite (ICSD #280,386; Fig. 7) by 
XRD. The pattern for metaschoepite is similar to schoe-
pite, so comparison of our product to both patterns was 
necessary. Metaschoepite can most easily be distinguished 
from schoepite by the presence of the (113) reflection at 
2θ = 20°, which is absent in the latter. The degree of over-
lapping of the (004), (204) and (400) reflections matches 
closer to those observed in metaschoepite than schoepite. 
Between 2θ = 30 and 35°, reflections in the (115), (243) 
and (061) planes are also seen, which are not present in the 
Fig. 5  Fluorescence excitation (left) and emission spectra (right) of studtite and heated studtite samples where λem and λex was held between 
506.7 to 510.3 nm and 375.6 nm, respectively
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XRD pattern of schoepite. From these observations, it is 
deduced that the amorphous phase undergoes hydration to 
form crystalline metaschoepite and has been distinguished 
from schoepite.
Thermal decomposition mechanism 
of studtite
The range of complementary analytical techniques employed 
in this study has extracted more information regarding the 
material properties of the thermal decomposition products 
of studtite. In particular, significant changes in the overall 
Raman spectra (Fig. 4) coincided with the three decomposi-
tion stages detected by TGA-MS analysis (Supplementary 
Information, Figure S2) enabling each product to be dif-
ferentiated. More information on material properties was 
extracted using the other techniques; for example, obser-
vations of the antisymmetric and symmetric uranyl stretch 
modes in IR spectra for the amorphous phase (Fig. 3) sug-
gests that the uranyl ion deviates from linearity during the 
transformation between metastudtite and α-UO3 while 
XANES findings indicate that uranium remains in the U(VI) 
oxidation state until α-UO3 decomposes into  U3O8 at tem-
peratures above 550 °C. From the above results, supplemen-
tary information and the known crystal structures of studtite 
and α-UO3 (Fig. 1), a proposed thermal decomposition 
mechanism for studtite was obtained and is shown in Fig. 8.
The dehydration of studtite into metastudtite through 
loss of water molecules situated between the studtite 
chains becomes detectable by TGA-MS above 50 °C (Sup-
plementary Information, Figure S2). It is plausible that 
studtite dehydrates into its meta-form above room tem-
perature in a similar manner to schoepite, but this could 
Fig. 6  The crystal structure of metaschoepite, showing the layers of U–O bonds separated by water (left, viewed along the b-axis), and the U–O 
bonding network (right, viewed along the a-axis) [36]. The elements U, O and H are shown in blue, red and white, respectively
Fig. 7  XRD pattern for the product formed by the reaction of the 
amorphous phase (studtite heated to 250  °C) with water. Reference 
patterns simulated from crystallographic data of metaschoepite and 
schoepite are included [36, 37]
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not be confirmed in this study [45, 46]. Metastudtite was 
detectable from 100  °C in Raman data by the shift in 
the uranyl symmetric stretch, ν1  (UO2)
2+, peak position; 
although, the full conversion from studtite to metastudtite 
was not observed until 150 °C.
Decomposition of metastudtite into the amorphous phase 
was detected by gaseous water and oxygen mass traces in 
the TGA-MS data around 200 °C (Supplementary Informa-
tion, Figure S2) and through the loss of the peroxide Raman 
vibration from 250 °C (Fig. 4). These observations can be 
Fig. 8  Proposed two-dimen-
sional schematic for the mecha-
nism of studtite decomposition 
into α-UO3
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explained by bonds breaking between the water molecules 
and the central uranium ion in the uranyl hexagonal bipyra-
mid. The space created by the water molecule voids results 
in a relaxation of the (O = U = O)2+ bond angle which breaks 
the peroxide bond (Fig. 8). The change in the (O = U = O)2+ 
bond angle could explain the observation of both the 
antisymmetric and symmetric stretch uranyl modes in the IR 
spectra (Fig. 3) if the relaxation rate varies across the bulk 
sample. It is plausible that the change in these bond angles 
may vary the bond length of the uranyl ion resulting in the 
broad Raman peaks situated at 757 and 700 cm−1 during the 
thermal decomposition stage of the amorphous phase. This 
would preserve the oxidation state of the central uranium 
ion as U(VI) in accordance with the XANES results (Fig. 2).
The TGA-MS oxygen peak at 200 °C (Supplementary 
Information, Figure S2) is likely to be due to the breaking 
of some of the axial U–O bonds, represented by the oxygen 
atoms aligned in and out of the page in Fig. 8. A second fea-
ture in the oxygen mass trace was observed in the TGA-MS 
data at around 520 °C (Supplementary Information, Figure 
S2) which coincides with the three-dimensional collapse of 
the original studtite chains in the amorphous phase; these 
fuse together to begin the formation of the α-UO3 sheets 
(Fig. 1). It is possible that the second oxygen TGA-MS fea-
ture is caused by trapped oxygen atoms (from the lower tem-
perature breaking of some axial U = O bonds) being released 
during the three-dimensional collapse. However, computa-
tional studies are required to confirm this hypothesis. By 
535 °C, the structural collapse is completed to form α-UO3.
Conclusion
XANES, FTIR, Raman and fluorescence spectroscopy anal-
yses were performed to interpret the thermal decomposition 
of studtite, with emphasis on characterising the amorphous 
phase. XANES analysis showed a generally decreasing trend 
in the threshold energy, E0, with increasing calcination tem-
perature. The compounds heated up to 550 °C are U(VI) 
(i.e. studtite to α-UO3), and a gradual transition to mixed 
U(V/VI) oxidation state occurred above 550 °C, where 
α-UO3 decomposes into  U3O8. The first reported fluores-
cence excitation and emission spectra for these compounds 
revealed a general signal decrease with increasing tempera-
ture, but the individual decomposition products could not 
be distinguished.
Extraction of some structural information for the amor-
phous phase suggested the presence of a uranyl group 
 (UO2)
2+ based on the broad shoulder XANES feature 
(Feature B) situated at 17,190 eV and the observation of 
ν3(UO2)
2+ and ν1(UO2)
2+ modes at 938 and 838 cm−1 in 
the FTIR and Raman data, respectively. The XANES white 
line feature (Feature A) was broader in the spectra of the 
amorphous phase compounds, indicating the presence 
of longer uranyl bonding than those in metastudtite. This 
increase in uranyl bond length between 1.77 and 1.87 Å was 
quantified by the application of the Natoli relation and Bar-
tlett and Cooney equation in the XANES and Raman analy-
sis, respectively. The interatomic distance in the equatorial 
U-Oeq bonds is believed to shorten with increased tempera-
ture based on the shift in the XANES feature (Feature C) 
to higher energy and lower intensity from metastudtite to 
the amorphous phase. No Raman peak could be attributed 
to the peroxo O–O bond in the amorphous phase samples, 
suggesting the oxygen atoms are instead situated at an intera-
tomic distance similar to that of a peroxo bond (~ 1.5 Å), but 
without being chemically bonded. This study also reports 
a Raman spectrum of α-UO3. Although α-UO3 does not con-
tain uranyl ions, pseudo uranyl features were observed in 
both the FTIR and Raman spectra.
The amorphous phase compound, when reacted with 
water, was found by XRD analysis to form metaschoepite. 
This is a significant confirmation of the hydrolysis of the 
amorphous compound, whereby the XRD pattern of the 
hydrolysis product, metaschoepite, was distinguished from 
the more hydrated schoepite.
A mechanism was proposed for the thermal decom-
position of studtite to α-UO3 based on our spectroscopic 
characterisation. In summary, the dehydration of studtite is 
believed to occur from around 50 °C, with the compound 
completely dehydrated at ~ 150 °C. Some axial U = O bonds, 
all O–O and U-(H2O) bonds are broken between 150 and 
500 °C before the uranyl-bearing chains bond together to 
form crystalline α-UO3. To the best of our knowledge, this 
is the first proposed schematic mechanism of the thermal 
decomposition of studtite.
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